Tuberculosis is a serious global health threat for which new treatments are urgently needed. This study examined the safety, tolerability, pharmacokinetics, and pharmacodynamics of multiple ascending doses of the oxazolidinone PNU-100480 in healthy volunteers, using biomarkers for safety and efficacy. Subjects were randomly assigned to PNU-100480 or placebo (4:1) at schedules of 100, 300, or 600 mg twice daily or 1,200 mg daily for 14 days or a schedule of 600 mg twice daily for 28 days to which pyrazinamide was added on days 27 and 28. A sixth cohort was given linezolid at 300 mg daily for 4 days. Signs, symptoms, and routine safety tests were monitored. Bactericidal activity against Mycobacterium tuberculosis was measured in ex vivo whole-blood culture. Plasma drug and metabolite concentrations were compared to the levels required for inhibition of M. tuberculosis growth and 50% inhibition of mitochondrial protein synthesis. All doses were safe and well tolerated. There were no hematologic or other safety signals during 28 days of dosing at 600 mg twice daily. Plasma concentrations of PNU-100480 and metabolites at this dose remained below those required for 50% inhibition of mitochondrial protein synthesis. Cumulative whole-blood bactericidal activity of PNU-100480 at this dose (؊0.316 ؎ 0.04 log) was superior to the activities of all other doses tested (P < 0.001) and was significantly augmented by pyrazinamide (؊0.420 ؎ 0.06 log) (P ‫؍‬ 0.002). In conclusion, PNU-100480 was safe and well tolerated at all tested doses. Further studies in patients with tuberculosis are warranted. Biomarkers can accelerate early development of new tuberculosis treatments.
Drug-resistant Mycobacterium tuberculosis is a serious, growing global health concern, causing an estimated 444,000 tuberculosis (TB) cases and 150,000 deaths worldwide in 2008 (30) . Although improved treatments for these life-threatening infections are urgently needed, their development has been slow, in part due to the lack of predictive biomarkers suitable for earlyphase clinical trials.
PNU-100480 and linezolid (LZD) are oxazolidinone antimicrobials that act by blocking translation and thereby inhibiting protein synthesis. Both are active against M. tuberculosis, including strains with multidrug and extensive drug resistance (MDR-TB and XDR-TB, respectively) (1) . Linezolid has been used to treat difficult cases of MDR-and XDR-TB with apparent clinical benefit (2, 5, 7, 13, 16, 18, 19, 21, 22, 31) . However, reports of these uncontrolled studies indicate that its dose must often be reduced and/or the duration of its use must be limited due to potentially serious neurologic, ophthalmologic, and hematologic toxicities. These toxicities, which typically occur only after months of treatment, are thought to be due to inhibition of mitochondrial protein synthesis (MPS) (15, 17) . Thus, oxazolidinones with greater efficacy and reduced toxicity during prolonged administration are needed.
The activity of PNU-100480 against M. tuberculosis was first described in 1996 (4) . Although its MICs against M. tuberculosis are similar to those of linezolid, PNU-100480 shows efficacy superior to that of linezolid against experimental murine tuberculosis, whether it is used alone or in combination with other drugs (6, 28, 29) . Two metabolites (PNU-101603, a sulfoxide, and PNU-101244, a sulfone) contribute to its activity but do not account for its superiority, the basis of which is not understood.
In the present study, multiple ascending doses of PNU-100480 up to 1,200 mg per day were administered to healthy volunteers for 14 or 28 days to assess its safety, tolerability, pharmacokinetics (PKs), and pharmacodynamics (PDs). Two biomarkers were used to assess endpoints otherwise not readily measured during a relatively short trial with healthy volunteers: bactericidal activity against intracellular M. tuberculosis was measured ex vivo using whole-blood culture (whole-blood activity [WBA] ), and drug concentrations in plasma were compared to those required for half-maximal MPS inhibition in vitro. During the final 2 days of dosing, subjects in the 28-day cohort also received pyrazinamide (PZA). The goals of the study were to identify an optimally safe and efficacious dose of PNU-100480 to advance in clinical trials and, secondarily, to determine if the superior activity of the combination of PNU-100480 plus pyrazinamide observed in the mouse could be confirmed in the human whole-blood infection model.
MATERIALS AND METHODS
Four cohorts of healthy volunteers (n ϭ 10 each) were randomly assigned at a 4:1 ratio to receive PNU-100480 or placebo suspension for 14 days. PNU-100480 doses were of 100, 300, or 600 mg twice a day (BID) and 1,200 mg once a day (QD) (cohorts 1 to 4, respectively). A fifth cohort received PNU-100480 at 600 mg or placebo BID as 200-mg tablets at a 4:1 ratio for 28 days. On days 27 and 28, cohort 5 also received pyrazinamide at 25 mg/kg of body weight/day. In all but the first two cohorts, doses were administered with food. Dosing with PNU-100480 and placebo was double-blind. A sixth unblinded cohort (n ϭ 8) received linezolid as a 300-mg suspension QD for 4 days, on the basis of one report that this might be the maximum adequately tolerated dose in patients with MDR-and XDR-TB (13) . Subjects were ages 18 to 55 years; had laboratory parameters indicating normal hematologic, hepatic, and renal function; were not concurrently being treated with immunosuppressive medications; and were known not to have HIV-1 infection. Women of childbearing potential were excluded. The study was conducted at the Pfizer Clinical Research Unit in New Haven, CT. All subjects provided written informed consent according to International Conference on Harmonization guidelines. The study protocol was approved by the Integreview Institutional Review Board and U.S. FDA and was registered as trial NCT00990990. Some data from the linezolid cohort have been reported previously (23) .
Symptoms, electrocardiogram results, and routine blood and urine safety test results were monitored. Blood was collected for PK analysis on days 1, 4 (linezolid cohort), 14 (PNU-100480 cohorts), and 28 (PNU-100480 cohort 5). Specimens were obtained at 0, 0.25, 0.5, 1, 2, 3, 6, 12, 24, 48, and 72 h postdosing on days 14 and 28. Total concentrations of PNU-100480, PNU-101603, and PNU-101244 in plasma were assayed using a validated high-pressure liquid chromatography (HPLC)-tandem mass spectrometry (MS/MS) method by Advion BioServices (Ithaca, NY). A 100-l aliquot of plasma was extracted using protein precipitation with acetonitrile. A Phenomenex Gemini C 18 column (50 by 2.0 mm; particle size, 3 m) was used for HPLC separation; methanol-10 mM ammonium acetate (60:40, vol/vol) was used to elute samples. A 10-l aliquot of the extracted sample was injected into a Sciex API-4000 liquid chromatograph (LC)-MS/MS (Applied Biosystems) utilizing a heated nebulizer (atmospheric pressure chemical ionization) source. PF-00184033, a structure analogue, was used as the internal standard. The ranges of detection of the assay were 2.5 to 2,500, 0.5 to 500, and 10 to 10,000 ng/ml for PNU-100480, PNU-101603, and PNU-101244, respectively. Total concentrations of linezolid in plasma were assayed using a validated HPLC-MS/MS method by WuXi AppTec, Inc. (Shanghai, China). Plasma samples were extracted using protein precipitation with acetonitrile. A Capcell Pak C 18 column (2.0 mm by 50 mm; particle size, 5 m) was used for HPLC separation, and a gradient mobile phase that consisted of 1.0 mM ammonium acetate in water and methanol was used to elute samples. A 10-l aliquot of the extracted sample was injected into a Sciex API-4000 LC-MS/MS (Applied Biosystems) utilizing a heated nebulizer (atmospheric pressure chemical ionization) source. Deuterium-labeled linezolid served as the internal standard. The range of detection of the assay was 20 to 10,000 ng/ml for linezolid. The accuracies (percent difference from nominal value) of the quality control samples used during sample analysis ranged from 4.7 to 10.6% with a precision (as measured by the percent relative standard deviation [SD]) of Յ5.2% for linezolid, from Ϫ1.0 to 3.0% with a precision of Յ6.3% for PNU-100480, from Ϫ0.5 to 9.8% with a precision of Յ12.2% for PNU-101603, and from 6.6 to 1.8% with a precision of Յ7.4% for PNU-101244. PK parameters were calculated using noncompartmental analysis of plasma concentration-time data. Data for samples with values below the lower limit of quantitation were set equal to 0 ng/ml for the analysis.
Blood was obtained for WBA measurements on days 4 (linezolid cohort), on days 14 and 28 (PNU-100480 cohorts), and at 0, 2, 3, 4, 8, and 12 h postdosing. WBA was measured as previously described (11, 23, 25, 27) . Briefly, M. tuberculosis H37Rv was grown in mycobacterial growth indicator tubes (MGIT; Becton-Dickinson) and frozen in aliquots. A titration experiment determined the relationship between inoculum size and time to positivity (TTP) and identified the volume positive in 5.5 days. Whole-blood cultures consisted of heparinized blood, an equal volume of RPMI 1640 tissue culture medium, and the specified volume of mycobacterial stock. After 72 h, cells were sedimented, the liquid phase was removed, and blood cells were disrupted by hypotonic lysis. Bacilli were recovered and inoculated into MGIT. Log change in viability was calculated as log(final) Ϫ log(initial), where final and initial are the volumes corresponding to TTP of the completed cultures and its inoculum, respectively, on the basis of the titration curve. The laboratory protocol and software developed by one of the authors (R.S.W.) are available on request. WBA was reported as log change per day. Cumulative WBA was calculated as the area under the concentration-time curve (AUC) from 0 h to 24 h (AUC 0-24 ) using the trapezoidal method and is reported as log change.
The MPS 50% inhibitory concentrations (IC 50 s) of PNU-100480, PNU-101603, PNU-101244, and linezolid were determined by [ 35 S]methionine incorporation by rat heart mitochondria (17) . Fold MPS IC 50 s and MIC levels for PNU-100480 were determined as the sum of the ratios of the parent and metabolites to their respective reference concentrations (e.g., conc1/MIC1 ϩ conc2/ MIC2 ϩ conc3/MIC3, where 1, 2, and 3 represent the parent and 2 metabolites).
For these calculations, MIC values of 500 ng/ml were used for M. tuberculosis H37Rv for PNU-101603, PNU-101244, and linezolid and an MIC of 250 ng/ml was used for PNU-100480, although MIC values of 250 ng/ml for the PNU metabolites have also been reported (29) . Groups were compared by one-way analysis of variance (ANOVA); post hoc testing used the Holm-Sidak method. The threshold for significance was 0.05. Regression analysis using a four-parameter formula describing a sigmoid curve was performed using Sigmaplot (version 11) software (Systat Software).
RESULTS

Safety and tolerability.
All of the doses studied were generally safe and well tolerated. The most commonly reported adverse events (AEs) deemed related or possibly related to study treatment were gastrointestinal and central nervous system symptoms (Table 1 ). All but four events were mild in intensity. No subjects discontinued the study due to an abnormal safety laboratory finding. No subjects exhibited laboratory values that met the safety parameters of potential clinical concern or that resulted in AEs. No subjects had an abnormal electrocardiography reading that was considered clinically significant or reported as an adverse event.
One serious adverse event (SAE), colitis, occurred in a 36-year-old male of Asian descent randomized to PNU-100480 at a dose of 600 mg BID for 14 days. The event began on study day 5 as abdominal cramping and diarrhea, accompanied by an elevated leukocyte count and, later, heme-positive stool. Pancolitis was diagnosed by computed tomography scan. The study drug was discontinued after the subject had received nine doses. He was treated with metronidazole and ciprofloxacin and was permanently withdrawn from the study. He quickly improved clinically; colonoscopy was not performed. No bacterial pathogens (including Clostridium difficile) were identified. Adenovirus was identified and confirmed in one stool specimen; however, the significance of its presence without histologic confirmation was uncertain. The assessment by the gastrointestinal consultant was that the study drug could not be excluded as the cause of the colitis. Hematologic oxazolidinone toxicities are generally dose and duration dependent. A cohort receiving PNU-100480 at 600 mg BID for 28 days was therefore included in this study to better understand the risk of these toxicities. Neither the reticulocyte nor the platelet counts of this cohort were significantly affected by 28 days of dosing (reticulocyte percentages, 1.21 Ϯ 0.27 on day 0 versus 1.05 Ϯ 0.42 on day 28 [P ϭ 0.20]; numbers of platelets per nl, 296 Ϯ 78 on day 0 versus 275 Ϯ 52 on day 28 [P ϭ 0.26]; both sets of P values were determined by paired t test). No safety signals were apparent in any other laboratory parameters. There were no episodes of colitis or other SAEs in this cohort.
PKs. Absorption of PNU-100480 was rapid, with a median time to the maximum concentration of drug in plasma (T max ) of 1 to 2 h after dosing under fasting conditions. Absorption was delayed by food, which shifted the median T max to 3 h. Steady-state conditions were reached after approximately 3 days. Plasma concentrations of PNU-101603 and PNU-101244 tended to rise and fall in tandem with those of the parent, with mean concentrations being 5.98 Ϯ 3.0 and 0.146 Ϯ 0.08 times those of PNU-100480, respectively. Concentrations of PNU-100480 were highly correlated with those of PNU-101603 (R ϭ 0.904), which in turn were highly correlated with those of PNU-101244 (R ϭ 0.928), consistent with their stepwise oxidation. The sum of exposures (maximum concentration of drug in plasma [C max ] and AUC from 0 to 12 h for BID dosing and 0 to 24 h for QD dosing [AUC tau ]) of PNU-100480 and its active metabolites increased proportionally with an increase in the dose across the range studied. There was little or no accumulation during 14 days of dosing, with accumulation ratios ranging from 1.05 to 1.24 for the PNU-101603 AUC from 0 h to the last measurement (AUC 0-last ) for all regimens studied. PK parameters for PNU-100480 and PNU-101603 at steady state are summarized in Table 2 . Plasma concentrations of PNU-101244 remained below its MIC at all dose levels.
Summed ratios of plasma concentrations of PNU-100480 and metabolites in relation to their respective MICs are shown in Fig. 1A . Dosing at 1,200 mg QD resulted in maximum PNU concentrations of 20.6-fold the MIC, whereas only dosing at 600 mg BID maintained trough concentrations at or above the MIC. Corresponding values for linezolid at 600 mg BID, included for comparison, are based on published PK data for healthy volunteers (20) . At this dose, maximum linezolid concentrations were 36.4-fold the MIC. Trough linezolid levels remained above the MIC whether linezolid was dosed at 300 mg QD or 600 mg BID. PNU-100480 at 600 mg BID and linezolid at 300 mg QD produced similar peak concentrations (11.7 and 12.5-fold the MICs, respectively). MPS IC 50 s for PNU-100480, PNU-101603, and PNU-101244 were 15,478, 4,395, and 6,706 ng/ml, respectively. WBA. The suitability of the use of TTP in MGIT as a surrogate for CFU counts in the whole-blood model is illustrated by the highly significant inverse relationship be- Fig. 2 (R ϭ Ϫ0.970, P ϭ 0.006). Two approaches to displaying WBA data are illustrated in Fig. 3 . Figure 3A shows bactericidal activity at discrete time points. Figure 3B shows cumulative activity as it evolves over 24 h. In both panels, killing is indicated by negative values.
Prior to dosing, whole-blood cultures of placebo recipients showed mean growth of M. tuberculosis of 0.15 log/day, corresponding to a doubling time of 34 h. This value was unaffected by dosing with placebo (Fig. 3A, left panel) . As a result, the corresponding curve in Fig. 3B shows steadily progressive cumulative growth of M. tuberculosis throughout the dosing interval. Bactericidal activity was evident at least transiently after each PNU-100480 dose at each dose level. The maximal bactericidal effect of approximately Ϫ0.42 log/day was present 3 h after 600-mg-BID dosing, coinciding with maximal plasma PNU-100480 concentrations. However, there was no further increment in maximal effect at 1,200 mg QD. The PNU-100480 dosing schedule with the greatest cumulative activity was 600 mg BID at Ϫ0.316 Ϯ 0.04 log. Comparison of the cumulative WBA of all PNU cohorts and the linezolid cohort by ANOVA revealed highly significant differences among the groups (P Ͻ 0.001). Post hoc testing revealed significant differences between each possible pair of cohorts with the exception of the 300-mg-BID and 1,200-mg-QD PNU-100480 cohorts, which did not differ.
The corresponding effects of linezolid at 300 mg QD are shown as the solid lines in the right panels of Fig. 3A and B. Its maximal bactericidal activity, Ϫ0.16 log/day, was significantly less than that of PNU-100480 at 600 mg BID (P Ͻ 0.001), despite similar plasma drug concentrations with respect to the MIC. To better understand the basis of this observation, an analysis of the relationship between drug concentration and Lines indicate linear regressions. Six colony count data points were censored due to lack of growth, whereas only one corresponding MGIT culture data point was censored. All negative cultures occurred at small inoculum volumes. Log mean TTP and log mean CFU were highly correlated (R ϭ Ϫ0.970, P ϭ 0.006).
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on June 29, 2017 by guest http://aac.asm.org/ bactericidal activity for PNU-100480 and linezolid was performed. As shown in Fig. 3C , both drugs showed concentration-dependent increases in activity between the MIC and twice the MIC, reaching approximately 90% of maximal activity at twice the MIC. However, both drugs showed concentration-independent activity at higher concentrations. The maximal effect of PNU-100480 was more than twice that of linezolid. This indicates the superior bactericidal activity of PNU-100480 to be intrinsic rather than to be due to higher plasma concentrations or greater exposure. The PK/PD relationship is examined in Fig. 4 . Three PNU-100480 dosing schedules were included in this analysis: 600 mg BID, which showed the greatest cumulative WBA; 1,200 mg QD, which was equal to the 600-mg dose with regard to total dose; and 300 mg BID, which was equal to the 1,200-mg dose with respect to cumulative WBA. The values in Fig. 4 reflect the drug concentrations in whole-blood culture, which are half those in vivo. In plasma, PNU-100480 given at 300 mg BID, 1,200 mg QD, and 600 mg BID resulted in fractions of the dosing interval for which drug concentrations were above the MIC of 0.61 Ϯ 0.14, 0.64 Ϯ 0.13, and 0.97 Ϯ 0.06, respectively. Both time above the MIC and AUC/MIC were significantly correlated with cumulative WBA, but with relatively low correlation coefficients (R 2 ϭ 0.550 and 0.370, respectively). Additional studies may help clarify the basis of this observation and identify other parameters with greater predictive power. The optimal dose of linezolid in MDR-and XDR-TB is not known. To determine the potential activity of standard adult linezolid doses, its WBA was predicted on the basis of published PK data and the concentration-activity relationship described in Fig. 3C . The dashed lines in the right panels of Fig.  3A and B were calculated on the basis of published mean plasma concentrations, from which expected WBA values were calculated using the regression curve in Fig. 3C . The upper and lower bounds were calculated using published Ϯ 1 SD plasma concentrations and the lower and upper values of the 95% confidence interval of the regression curve, respectively. Although this was not a formal modeling exercise, these data indicate that even when both drugs are dosed equally at 600 mg BID, the activity of linezolid does not equal that of PNU-100480. This is consistent with the relationship established in Fig. 3C , as doses resulting in higher plasma concentrations (above twice the MIC) would not be anticipated to result in substantially superior biologic activity.
Lastly, the effects of concomitant pyrazinamide administration on the safety, tolerability, PKs, and bactericidal activity of PNU-100480 were assessed during the final 2 days of dosing of cohort 5 (PNU-100480 at 600 mg BID). No significant safety signals were noted during the period of combined dosing. There was no significant effect of pyrazinamide on PNU-100480 pharmacokinetics. Combined dosing resulted in improved cumulative WBA compared to that achieved with PNU-100480 alone (Ϫ0.420 Ϯ 0.06 versus Ϫ0.316 Ϯ 0.04; P ϭ 0.002; Fig. 3A and B) . Two subjects in the 4-week cohort had been assigned to placebo; they received pyrazinamide plus placebo during the last 2 days of dosing. In these subjects, pyrazinamide alone was mainly bacteriostatic, with a cumulative WBA of Ϫ0.002 Ϯ 0.02. Although the difference between this effect and that of pyrazinamide when it was added to PNU-100480 is substantial (Ϫ0.104 log), it does not meet the criteria set by this journal for synergy (which require a 2-log effect over 24 h and which appear to be better suited to studies of rapidly growing bacteria). Nonetheless, the markedly enhanced effect of pyrazinamide when it is added to PNU-100480 appears to be consistent with reports of accelerated sterilization with this combination in the mouse TB model (28) .
DISCUSSION
This is the second study of PNU-100480 in human subjects. The first trial, of single ascending doses up to 1,500 mg, found that all doses were safe and well tolerated, that doses up to 1,000 mg were adequately and predictably absorbed, and that plasma levels of the main metabolite, PNU-101603, were several times those of the parent compound and apparently contributed substantially to overall activity (23) . That study, like the present one, used whole-blood culture as a biomarker to assess the PK/PD relationship and found killing of M. tuberculosis by PNU-100480 to be independent of drug concentration above twice the MIC. That finding, together with our analysis of the pharmacokinetics of PNU-100480 and its metabolites, contributed to our decision to include twice-daily dosing schedules in the present study. To our knowledge, this program is the first in which biomarkers for efficacy and safety were used to guide dose selection in early anti-TB drug development.
Whole-blood culture is an emerging biomarker to assess the efficacies of antimycobacterial drugs and vaccines (24) . Mycobacteria added to whole-blood culture are rapidly ingested by phagocytic cells (10) . Interactions of infected cells with lymphocytes and other cells result in restriction of intracellular mycobacterial growth: partial restriction in the blood of healthy volunteers and full bacteriostasis in the blood of TB patients (10, 26, 27) . Cumulative WBA during anti-TB therapy correlates with 2-month sputum culture status and serial sputum CFU counts, is greater for rifampin than isoniazid, and is greater for the standard four-drug therapy than for current treatment regimens for MDR-TB (11, 25, 27) . It is therefore indirectly related to treatment outcome (24) . The predictive value of the whole-blood model in TB patients likely rests on its ability to measure killing by administered therapy of an otherwise elusive mycobacterial subpopulation characterized by nonreplicating persistence. Additional studies are warranted to examine the relationship of this marker and other indicators of tissue sterilization in patients with pulmonary tuberculosis.
The main findings of the present study were that all PNU-100480 doses were safe and generally well tolerated, that exposures increased approximately linearly with dose, that on June 29, 2017 by guest http://aac.asm.org/ maximal cumulative whole-blood bactericidal activity was associated with a dose of 600 mg BID, and that this dose appeared to have a low likelihood of mitochondrial protein synthesis inhibition. These important observations will inform dose selection for future studies of PNU-100480 in patients with tuberculosis. At the same time, it is important to recognize their specific limitations and implications. This study found that both PNU-100480 and linezolid reached 90% maximum bactericidal activity at approximately twice the MIC, thus confirming the findings of our single-dose trial. The lack of additional activity at higher concentrations may indicate saturation of binding to mycobacterial rRNA. This study also confirmed the significantly greater maximal bactericidal effect of PNU-100480 compared with that of linezolid, a finding not predicted by MICs or other in vitro measures. The basis of this superiority is uncertain but may be due to interactions of PNU-100480 and/or its metabolites with host cell killing mechanisms, as has been reported for killing of Staphylococcus aureus by torezolid (14) . The finding that twicedaily PNU-100480 dosing resulted in optimal cumulative WBA is consistent with its relatively short plasma half-life and the lack of incremental killing at higher concentrations. Dose fractionation studies of PNU-100480 in mice had not clearly indicated that its activity was either time or concentration dependent (29) . Mycobacterial adaptations to specific growth conditions are recognized to affect drug activity. The combination of meropenem plus clavulanic acid, for example, shows concentration-dependent killing of M. tuberculosis in vitro only under hypoxic conditions (8) . Studies with patients will be required to determine the potential efficacy of once-daily PNU-100480 dosing.
Drug concentrations remain constant in each individual whole-blood culture. Cumulative activity is calculated as the integral over time of multiple cultures of blood collected throughout the dosing interval, thereby reflecting total activity as drug concentrations change in vivo. This approach has the recognized shortcoming that postantibiotic effects (PAEs) are not represented. PAEs can delay the resumption of bacterial growth in vivo as drug concentrations fall. Two factors mitigate this potential shortcoming. First, the PAE of linezolid against M. tuberculosis is short compared to the PAEs of other TB drugs (9) . Second, PAE at best could be expected to prevent the slight upward inflection of the 1,200-mg-QD curve in the left graph of Fig. 3B , maintaining bacteriostasis but not preventing the loss of cidality at later time points. At most, the effect of the absence of a PAE in this study therefore would be small.
It is uncommon for studies of a new antibiotic to be continued for 28 days in healthy volunteers. The duration of dosing was extended in this study to better appreciate potential oxazolidinone toxicities due to MPS inhibition. Effects on platelet counts have been noted as early as 10 days into dosing with linezolid at 600 mg BID (3, 20) . No significant untoward hematologic effects were observed in the present study when PNU-100480 was similarly dosed, despite more than two additional weeks of dosing. Clinical trials of greater size and longer duration will be required to better understand the full safety profile of PNU-100480, including its gastrointestinal safety. However, on the basis of its present MPS profile, it appears likely that the frequency of adverse events related to MPS inhibition by PNU-100480 when it is dosed at 600 mg BID will be similar to that for linezolid given at 300 mg once daily.
Lastly, this study found favorable effects in the whole-blood model when PNU-100480 and pyrazinamide were combined. Although pyrazinamide is an important sterilizing drug in animals and in TB patients, its activity is difficult to detect in short clinical trials (12) . Indeed, when it was first discovered, pyrazinamide had no apparent activity in vitro (32) . Subsequent experiments showed its dependence on an acidic pH, which arises in tissues in the context of a cellular inflammatory response and in macrophages after phagolysosomal fusion. Previous studies had indicated that pyrazinamide shows activity in the whole-blood model (25, 27) . Drug combinations including PNU-100480 and pyrazinamide show an unusual capacity to shorten the duration of TB treatment in mice (28) . Clinical trials to test this combination in TB patients are warranted.
In summary, this study showed that at doses of 600 mg BID, PNU-100480 shows an MPS safety profile similar to that of linezolid at 300 mg QD, superior whole-blood bactericidal activity compared to the activities achieved with standard linezolid doses, and additive or synergistic activity when it is added to standard doses of pyrazinamide. Further studies with patients with drug-sensitive and -resistant TB are warranted.
